I. Sensitization and classical odor conditioning of the proboscis extension reflex were functionally analyzed by repeated intracellular recordings from a single identified neuron ( PE 1 -neuron) in the central bee brain. This neuron belongs to the class of "extrinsic cells" arising from the pedunculus of the mushroom bodies and has extensive arborizations in the median and lateral protocerebrum. The recordings were performed on isolated bee heads.
I. Sensitization and classical odor conditioning of the proboscis extension reflex were functionally analyzed by repeated intracellular recordings from a single identified neuron in the central bee brain. This neuron belongs to the class of "extrinsic cells" arising from the pedunculus of the mushroom bodies and has extensive arborizations in the median and lateral protocerebrum. The recordings were performed on isolated bee heads.
2. Two different series of physiological experiments were carried out with the use of a similar temporal succession of stimuli as in previous behavioral experiments.
In the first series, one group of animals was used for a single conditioning trial [conditioned stimulus (CS), carnation; unconditioned stimulus ( US), sucrose solution to the antennae and proboscis), a second group was used for sensitization (sensitizing stimulus, sucrose solution to the antennae and/or proboscis), and the third group served as control (no sucrose stimulation).
In the second series, a differential conditioning paradigm (paired odor CS+, carnation; unpaired odor CS-, orange blossom) was applied to test the associative nature of the conditioning effect. 3. The PE l-neuron showed a characteristic burstlike odor response before the training procedures. The treatments resulted in different spike-frequency modulations of this response, which were specific for the nonassociative and associative stimulus paradigms applied. During differential conditioning, there are dynamic up and down modulations of spike frequencies and of the DC potentials underlying the responses to the CS+. Overall, only transient changes in the minute range were observed.
4. The results of the sensitization procedures suggest two qualitatively different US pathways. The comparison between sensitization and one-trial conditioning shows differential effects of nonassociative and associative stimulus paradigms on the response behavior of the PE 1 -neuron. The results of the differential conditioning procedure reveal that the effect observed for the one-trial conditioning paradigm is of an associative nature and that there might be modulations, which are specific for single and multiple trial conditioning procedures. It is hypothesized that the PE 1 -neuron is a possible element involved in the short-term acquisition, rather than in the long-term storage, of an associative olfactory memory in the honeybee.
INTRODUCTION
Investigations of the mechanisms underlying learning and memory require that a system should be used, which allows both complex behavioral studies and a cellular analysis of the behavioral components. For this purpose, insects are useful model systems, because, compared with simpler organisms, their behavior is quite complex, whereas their nervous systems still offer a smaller number of cells and, to a certain degree, better accessibility during in vivo experiments than the vertebrate brain.
Studies on the learning behavior of restrained bees are focused on the sensitization, habituation, and classical conditioning of an appetitive reflex, the proboscis extension reflex (PER): if sucrose solution is delivered to the antennae or proboscis, bees respond with a reflectory extension of their proboscis (Kuwabara 1957; Menzel et al. 1974; Vareschi 197 1) . This reflex response habituates after repeated sucrose stimulation to one antenna (Braun and Bicker 1992) . On the other hand, a single sucrose stimulation transiently enhances proboscis extension in response to an odor stimulus by sensitization of the reflex (Menzel 1983 (Menzel , 1990 Menzel et al. 199 1) . Furthermore, associative learning can be demonstrated by a single pairing of an odor stimulus (conditioned stimulus, CS) with sucrose stimulation (unconditioned stimulus, US). This greatly enhances the response probability specifically to this odor for -1 day, and, after three such conditioning trials, a long-lasting stable memory is formed (Menzel et al. 199 1) . In a differential conditioning procedure, it can also be shown that bees learn to discriminate between two odors, usually after four to five learning trials (Bitterman et al. 1983 ).
The neural substrate for learning and memory in the bee brain appears to be distributed among several neuropilar regions. Nervous activity evoked by antenna1 stimulation is either directly processed via the antenna1 lobes and passed to the motor centers of the subesophageal ganglion (SOG), or it is relayed to the mushroom bodies and to the lateral protocerebrum by three tracts of projection neurons, the antennoglomerularis tracts. The mushroom bodies are a point of convergence for antennal, visual, and other sensory afferents. In the calyces of the mushroom bodies, the sensory afferents synapse onto -340,000 mushroom body intrinsic elements, the Kenyon cells (Kenyon 1896) , which make up about one-third of the total number of neurons in the bee brain (Mobbs 1982) . In the pedunculus of the mushroom bodies, the Kenyon cell axons run in a parallel organization and bifurcate to send one process into the CYlobe and one into the P-lobe. In the lobes, they converge onto a number of large extrinsic neurons distributing their information to other brain regions such as the median and lateral protocerebrum. Direct connections between the output regions of the mushroom bodies and the motor centers of the SOG have not been found. The involvement of the mushroom bodies in associative memory consolidation has been demonstrated with the use of amnestic treatments. Thus the conditioned response probability was greatly reduced when the mushroom bodies had been treated shortly after a single learning trial (Erber et al. 1980; Masuhr 1976; Menzel et al. 1974; Sugawa 1986 ).
If the general acceptance that learning-evoked changes can be localized in single neurons of simple systems should also apply to more complex central circuits, one could expect response changes in single neurons of the mushroom bodies due to a single conditioning trial. Depending on the contribution of a neuron's activity to the modified pathway, these changes may, however, not always be detectable. Because the intrinsic Kenyon cells are too tiny for an intracellular analysis, single-cell recordings have concentrated on the extrinsic elements (Erber 1978 (Erber , 1980 (Erber , 198 1, 1983 Gronenberg 1984 Gronenberg , 1987 Homberg 198 1, 1984) . Although it was possible to pool some of the recorded neurons into groups of distinct morphologies or general response characteristics (Gronenberg 1984 (Gronenberg , 1987 Homberg 1984; Homberg and Erber 1979) , the physiological data could not be readily correlated with the behavior. In addition, general knowledge about information processing in the bee brain is still very limited, so that single recordings have not been useful for a more qualitative or quantitative interpretation of electrophysiological data. This work presents an electrophysiological study performed on a single identified neuron extrinsic to the mushroom bodies (PE l-neuron).
It has been described by Mobbs ( 1982) and Rybak ( 1987) in their anatomic studies. The location, morphology, and size of this neuron favors an electrophysiological analysis during simple learning experiments. To find correlates for nonassociative and associative memory processing, response changes due to stimulus paradigms for sensitization, one-trial conditioning, and differential conditioning were examined during repeated intracellular recordings.
METHODS

Recording chamber
Recordings were performed on isolated bee heads (adapted from Flanagan and Mercer 1989) . Single heads were fixed in a perfusion chamber and were continuously supplied with fresh, aerated Ringer solution (in mM: 135 NaCl, 5 KCl, 10 MgCI,, 1.6 CaCI,, and 80 tris( hydroxymethyl)aminomethane (Tris), ( pH 7.25) conducted through 2.5mm-diam tubings into the Plexiglas chamber. It entered the head chamber at the bottom rear side of the bee's head and flowed through the esophageal foramen to just cover the surface of the brain. The Ringer flowed off to the side through a second chamber, which by its large surface and volume avoided irregularities and movements of the fluid level in the head chamber.
Preparation ofanimals
Worker bees (&is mellz~ra) were caught at the hive entrance, immobilized by cooling, and mounted in metal tubes by a strip of sticky tape between head and thorax. Subsequently, they were fed with a drop of sucrose solution and allowed to recover for at least half an hour. Only bees showing proboscis extension reflex responses to sucrose solution were selected for experiments.
The bee heads were fixed to the chamber by four droplets of a 1: 1 mixture of wax/colophonium (natural resin to harden the bee wax at a low melting point) with the proboscis protruding the frontal rim of the chamber. The head capsule was immediately opened between the median ocellus and the roots of the antennae to allow prompt contact between brain and Ringer solution. This fixation allowed free movements of antennae and mouth parts. Previous tests showed that heads prepared in this way were still able to learn after a single conditioning trial and to perform a conditioned response (PER).
To achieve stable recordings, the strong movements of the brain caused by rhythmic contractions of the esophagus had to be abolished. A second hole was cut ventrally to the antenna1 roots to expose the strong muscles connected to the esophagus. The compact structure of muscles, esophagus, and supporting chitin was lifted and put down outside the hole of the head capsule. Thus stabilization was achieved by the high tension of the esophagus and connected tissue without severely damaging the adjacent brain regions. However, after this preparation the proboscis extension reflex was usually impaired or destroyed. Only animals that still moved their antennae were used for longer experiments.
Recording and morphological analysis
Recording electrodes (glass: outer diameter, 1 mm; inner diameter, 0.5 mm) were pulled by a Flaming/Brown microelectrode puller (Sutter Instruments).
Electrode resistances in the tissue ranged between 60 and 100 MQ or 140 and 180 MQ for electrodes filled with potassium acetate (2.5 M) or Lucifer yellow (4% in 0.1 M LiCl), respectively.
Electrodes were positioned in the ventromedian a-lobe so that the PE l-neuron was impaled at its exit point of the lobes. The electrodes were lowered vertically into the brain. To monitor the actual depth of the electrode tip in the brain, a Leitz micromanipulator was modified so that a digital ohm meter monitored the movements of a potentiometer connected to the fine adjustment of the manipulator.
Neurons were filled with Lucifer yellow by the use of a hyperpolarizing current of 2-4 nA. The brain was dissected in Ringer solution, fixed in 4% paraformaldehyde, dehydrated in graded ethanol, cleared in methyl salicilate, and photographed under a fluorescence microscope.
Reconstructions were drawn from serial photographs of whole mounts by projecting the slides onto a drawing table.
Stimuli
Three stimulus modalities were used during the experiments: an air puff for identification of the PE 1 -neuron (see RESULTS), odor stimuli (carnation and orange blossom; duration, -2 s), and sucrose stimulation.
Odor stimuli were delivered through weak streams of scented air. The odorous air was quickly exhausted through a tube ( 100 mm diam) positioned behind the recording chamber. The onset and offset of odor stimulation (opening and closing of the magnetic valves controlling the air flow) were monitored as a DC deflection and stored as a separate stimulus trace on tape. Sucrose solution ( -25% ) was presented through the tip of a microsyringe by briefly touching antennae and/or proboscis. NO visible traces of sucrose solution remained on the site of stimulation.
Experimental design (Fig. I) 
SERIES
A: SENSITIZATION AND ONE-TRIAL CONDITIONING.
Three experimental groups were formed. I ) The conditioning group ( YI = 16 animals) was a single pairing of odor (CS) and sucrose solution to both the antennae and reward to the proboscis (US); the CS/US interval was 1.5-2.5 s. In previous behavioral experiments a CS/US interval ranging between 1 and 5 s was shown to be optimal to produce equally high learning rates ( Menzel et al. 199 1) .
2) The sensitization group ( YI = 27 animals) was a single presentation of a sucrose stimulus (US) to the antennae alone (antenna1 sensitization), to the proboscis alone (proboscis sensitization), or to the antennae and proboscis (compound sensitization). 3) The control group (n = 12 animals) was a presentation of the odor stimulus alone (conditioned stimulus alone, CS). After impalement of cells, each recording started with a presentation of the odor stimulus (carnation) to obtain a measure of the baseline response of the neuron to the odor (reference odor, CS).
Five minutes later the group-specific stimuli (groz~p I, CS/US; group 2, US; grmp 3, CS) were delivered. Test odor stimuli (CS) were given at 30 s, 1 min. 2 min, 5 min, 8 min, and 10 min after the treatment as long as the recording was stable. For the sensitization group, recording was stopped after the 5-min test odor, because, in behavioral experiments, the response enhancement has ceased by this time (Menzel et al. 199 1) . SERIES B: DIFFERENTIAL CONDITIONING.
In this group ofanimals (n = 13 animals), one odor (carnation, CS+) was paired with sucrose stimulation to antennae and proboscis (US), whereas a second control odor (orange blossom, CS-) was presented unpaired. The two odors were presented twice in 30-s intervals for reference, then the CS+ was paired four to five times with sucrose solution (CS+/US; interstimulus interval, 1.5-2.5 s) in I-min intervals, whereas the CS-was presented specifically unpaired in between (CS-), i.e., 30 s after each conditioning trial. Test odor stimuli were presented between 5 and 10 min after the last conditioning trial in an alternating sequence (interstimulus interval, 30 s). This stimulus sequence was adapted from Bitterman et al. ( 1983) .
Data analysis
All odor responses of series A and series B were transferred to a computer (Cambridge Instruments, CED 140 1 interface: Spike 2 data capture and analysis program; signal sample rate, 4,000 Hz; stimulus sample rate, 500 Hz). Pascal programs were used to scan ing the time of each spike peak. Each spike could be described by 14 consecutive sample points, 5 before and 8 after the spike peak (Fig. 2) . The spike amplitude was given by the difference between the spike peak and the mean of the four sample points preceding the spike (spike-zero potential). RELATIVE FREQUENCIES. Six IOO-ms intervals after stimulus onset were used to represent the different frequency phases of the burst response. For each interval the spontaneous frequencies (number of spikes during 1 s before stimulus onset) were subtracted. Interindividual differences of the odor responses afforded a normalization procedure. Such fluctuations were eliminated by expressing the spike frequencies of the responses to the paired odors, unpaired odors, and to the test odors in each of the intervals after stimulus onset in relation to the corresponding interval of the reference odor response. The mean relative frequencies were calculated for each response group. Whole-mount photographs of 5 Lucifer-filled PE l-neurons (labeled t-5). They are focused on the large dendrite. Therefore the somata lying most anteriorly appear as blurry points. In preparations 4 and 5 the soma was lost during dissection of the brain. Picture 6 shows a frontal reconstruction of the preparation shown in picture 5. The soma was taken from another Lucifer-filled PEl-neuron. AL, antenna1 lobe: aL, a-lobe; Pd, pedunculus of the mushroom bodies; LP, lateral protocerebrum; mCa, median calyx of the mushroom bodies; OE, esophagus; scale bar, 100 Wm. Arrow indicates the entrance site, where the electrode would be positioned to penetrate the neuron at the P-exit point (large dendrite) of the contralateral brain hemisphere. B: ethyl gallate staining of a IO-pm vertical section through the right P-exit point at a depth of -I80 pm, i.e., the level of the transition between a-lobe and &lobe. Arrow, dendrite of the PE l-neuron; arrowheads, profiles of neurons of the anterior dorsal protocerebral commisure (a.d.p.c.) tract; K, bundle of Kenyon cells. Scale bar, 100 pm (stained by J. Rybak). C: ethyl gallate staining of a 12-Frn saggital section through the P-exit point. Arrow marks the PE l-profile, arrowheads a.d.p.c. profiles. It is obvious that there is no second large fiber anteriorly (I&) or posteriorly (right) to the PE 1 -neuron. Scale bar, 100 pm (stained by C. Bicker).
RELATIVE DC POTENTIALS.
The data of the differential conditioning series were also subject to an analysis of the graded potential underlying the burst response ("DC potential"). The DC potential during each response was expressed as the difference between the spike-zero potential of each spike during the response and the mean of the spike-zero potentials during 1 s before stimulus onset. These absolute differences were normalized to the mean spike amplitude during 1 s before stimulus onset.
Corresponding to the spike-frequency analysis described above, the DC potentials during the responses to the paired odor, unpaired odor, and test odors were calculated in six 1 00-ms intervals after stimulus onset and were expressed in relation to the according DC values of the reference odor responses. STATISTICS. All data, which were subject to statistical comparison, were tested for normality. Both parametric and nonparametric statistical tests were applied: the unpaired 1 test and the MannWhitney two-sample test for the results of series A, and the paired t test and the Wilcoxon test for matched pairs for the results of series B.
RESULTS
Morphological characteristics of the PEl-neuron
The unique morphology of this mushroom body extrinsic neuron is expressed by several characteristics (Fig. 3A ): 1) a large dendrite, lo-15 pm diam, at a depth of pm from the anterior brain surface; 2) a large number of densely packed fingerlike parallel processes in the pedunculus of the mushroom bodies, which converge several times before they finally form the large dendrite at the P-exit; and 3) a bifurcation of the large dendrite into the primary neurite and a second major process. The primary neurite forms a loop extending anteriorly across the midline and terminates in the cell body just below the brain surface. The location of the soma is unique, and no group of somata belonging to other mushroom body extrinsic neurons has been found in this region. The second process gives rise to a circular arrangement of processes around the a-lobe and then projects ventrolaterally into the posterior lateral protocerebrum, where it arborizes extensively at a depth of between 200 and 300 pm, the endings forming bleblike structures.
There is only one PE l-neuron in each brain hemisphere. In adjacent sections no prominent profiles similar to the PE l-neuron can be observed in this region. This is illustrated by a saggital section through the PE 1 -profile (Fig. 3C ). This provides evidence that there is a single pair of PEl-neurons in the bee brain. About 60 times the PE 1 -neuron was stained, at least partly, with Lucifer yellow. Each of these preparations clearly showed the single large dendrite with its characteristic bifurcation, which is the most prominent morphological feature of the PE l-neuron.
General physiological characteristics
IDENTIFICATION OF THE PEI-NEURON IN VIVO. The PE l-neuron leaves the mushroom bodies at the P-exit point (Mobbs 1982) . Because the heads always had the same orientation in the head chamber and the outlines of the a-lobe are easily recognizable, the electrode tip could be positioned very precisely in its ventromedian part. The large dendrite of the PEl -neuron is surrounded by a large number of smaller profiles (arrowheads in Fig. 3C ), which belong to the group of a.d.p.c. neurons (Mobbs 1982; Rybak 1987) . Fibers of this tract, which run anteriorly to the PEl-neuron, are readily recognized when descending the electrode through the brain. Single neurons belonging to this group of fibers exhibit fairly uniform physiological characteristics. Therefore the PE 1 -neuron can be reliably identified and distinguished from the a.d.p.c. neurons by the following criteria. 1) Spontaneous activity. The PE l-neuron usually exhibits a number of large summating excitatory postsynaptic potentials (EPSPs; 5-10 mV) with the spikes (30-70 mV) appearing on top, on the rising or falling phase of the EPSPs, which implies that the spikes are passively conducted to the recording site. Often, the spikes appear in groups of two, three, or more spikes. Figure 4A depicts two recording traces of typical spontaneous activity. The spontaneous spike frequencies range between 0 and 50 Hz. Large EPSPs have never been observed in any of the surrounding neurons. Usually spontaneous spike frequencies of these neurons do not exceed 10 Hz, and groups of spikes have never been observed.
2) Spike shape. Three typical spikes are illustrated in Fig. 4B . In most cases the spikes lack an afterhyperpolarization (spike amplitude, 30-50 mV). Sometimes a small afterhyperpolarization is associated with these spikes (spike amplitude, 60-70 mV), showing that the recording site must be close to the spike-generating zone. The rising phase of the spike is steep, whereas the falling phase is more gradual. The spike duration is -2 ms (measured at the base). The spikes exhibited by the a.d.p.c. neurons can be easily distinguished: the spikes are of larger amplitudes (60-80 mV ) and have an afterhyperpolarization; the spike duration (the most striking difference) clearly exceeds 4 ms. 3) Intracellular stimulation.
A I-nA depolarizing current is sufficient to generate high spike frequencies (> 100 Hz) tonically following the stimulation (Fig. 4C) . At the offset of stimulation, there is an after-hyperpolarization.
In the a.d.p.c. neurons, only low-frequency activities can be evoked by a I-nA depolarizing current. 4) Burst response. The neuron responds to the onset of chemical (odor, sucrose solution) and mechanical stimuli (touch, stream of air) to the antennae and proboscis with burstlike phasic excitations, independent of stimulus duration. Sometimes a separate off-response can be observed. To avoid presentation of odor stimuli before the start of the experiment, an air puff was used for final identification. No similar response characteristics have been observed for any of the nearby fibers. Figure 40 shows one typical response to odor stimulation. The latencies range between 30 and 125 ms. The rising phase of the burst is steep, almost immediately reaching the maximal depolarization and spike frequency. Those maxima vary significantly between individual recordings, the DC potentials ranging between 5 and 25 mV, the frequencies between 100 and 330 Hz. After this high-frequency phase, the excitation gradually declines, reaching spontaneous levels of activity between 600 ms and 1.2 s after stimulus onset.
Data analysis
To describe the temporal dynamics of the burst, it was necessary to subdivide the response into intervals. The interval widths were varied between 50 and 350 ms to find an interval width providing the least noisy and most accurate description.
For this purpose, six lOO-ms intervals after stimulus onset were found to be best. The significant differences described below did not strictly depend on this interval width but were also consistent over a range of larger interval widths.
Because the normality test revealed that 83% of data of series A and 80% of data of series B coincide with a standard distribution, the means and standard errors were plotted in the figures. The results of the unpaired and paired t test are described and marked in the graphs. Corresponding results were also calculated with the use of the non-parametric tests (not described).
One-trial conditioning and sensitization procedures
This series of experiments was designed to test whether the PE 1 -neuron undergoes response modulations during nonassociative and associative stimulus paradigms. Therefore response changes to odor stimulation following sensitization and one-trial conditioning procedures were compared with the control group.
Frequency analysis ofthe control group .
Within single recordings, there was some variability between responses to repeated odor stimulation; however, for most animals the fluctuations were quite small, and odor responses seemed to be more or less reproducible. After repeated stimulation an overall small decrease of response strength could be observed. Differences between individuals covered a wide range of frequencies and durations of responses. Therefore a normalization procedure was necessary.
Frequency analysis of the sensitization groups .
Three kinds of sensitizing stimuli were given: sucrose solution to the antennae alone, to the proboscis alone, or as a compound to antennae and proboscis. These three groups (antenna1 sensitization, compound sensitization, proboscis sensitization) of this series were analyzed separately.
In Fig. 5A , for all three groups, the mean relative frequencies during the test odor responses are compared with the control group: during the early phase of the I-and 2-min test odor response, there is a significant frequency increase for the antenna1 sensitization group (left column). In contrast, there is a significant frequency decrease for the proboscis sensitization group during the falling phase of the 30-s I-min, and 2-min test responses (right column). The frequency changes observed for the compound sensitization group are less pronounced (middle column). To stress the contrast between the frequency changes due to antenna1 and proboscis sensitization, the mean relative frequencies for both groups are compared in Frequency analysis of the one-trial conditioning group .
In Fig. 6A the relative frequencies calculated for the conditioning group are compared with the relative frequencies of the control group and with the relative frequencies of the compound sensitization group, respectively: with respect to both groups, the conditioned group exhibits a significant frequency reduction during the falling phases of the 30-s and I-min test odor responses. Thus there is an associative component in the modulated odor response. The typical recording trace of one-trial conditioning in Fig. 6B clearly shows the transient frequency reduction during the first test trials.
In summary, there are different response modulations effected by the different stimulus configurations: one excitatory at the onset of the burst, one inhibitory or less excitatory during the falling phase of the burst. The frequency modulations affected by antenna1 sensitization and proboscis sensitization procedures differ in sign and time after stimulus onset. The associative stimulation procedure (single pairing of an odor stimulus with compound sucrose stimulation) leads to different response modulations than the appropriate nonassociative control procedure (single compound sucrose stimulation).
However, both the proboscis sensitization procedure and the single conditioning procedure lead to very similar frequency modulations.
Dz&ential conditioning
To confirm the described effect of the one-trial conditioning procedure as an associative process, at least for the odor applied during the conditioning procedure, a differen- Od-t30, Od-t 1, Od-t2, and Od-t5, odor responses to the 30-s 1-min, 2-min, and 5-min test odors, respectively. Arrows indicate the simulus onset. Scale bars: 500 ms, 20 mV. Series A : relative frequencies. Relative frequencies (mean + SE; with respect to the reference odor responses) are plotted against the 6 lOO-ms intervals after onset of odor stimulation. The test time is the time after the group-specific treatments. Stippled line indicates the reference response level. Cond, CO, conditioned group; Control, CT, control group; Sens Ant, SA, antenna1 sensitization group; Sens Comp, SC, compound sensitization group; Sens Prob, SP, proboscis sensitization group. *P < 0.05. **P < 0.0 1, unpaired I Test, 2-tailed.Test30s:CO,n= 16;CT,n= 12;SA,n=9;SC,n= ll;SP,n=5.Test 1 min:CO,n= 16;CT,n= 12;SA,n=9;SC, n = 9; SP, n = 6. Test 2 min: SA, n = 8; SC, n = 7; SP, n = 6. Test 5 min: SA, n = 9; SC, n = 6; SP, n = 7. In Fig. 7A , the relative frequencies of the CS+ and related CS-(30 s after the conditioning) are compared during the six 1 00-ms intervals after stimulus onset. There is no difference between the CS+ and CS-during the first learning trial. In response to the first pairing, the response to the conditioned odor undergoes a significant frequency reduction during 300 and 500 ms after stimulus onset when compared with the unpaired odor response, which remains unchanged. This effect demonstrates a differential representation of the two odors. At the same time, it confirms the frequency reduction effected by the one-trial conditioning procedure as an associative effect.
However, unlike the one-trial effect, a second frequency change appears to modulate the responses to the CS+ during the multitrial conditioning: a pronounced frequency increase during the fifth conditioning trial leads to significantly higher frequencies, when compared with the unpaired control odor. During test odor stimulation, no significant differences are observed between the CS+ and CSTherefore a single conditioning trial is sufficient to affect a differential representation of the two odors in this central neuron. There are two frequency modulations, by which the PE 1 -neuron codes the two odors differentially: an early frequency reduction, paralleling the one-trial effect; and a late frequency increase appearing after the fourth learning trial. Figure 7B shows typical recording traces of the paired odor (CSt, carnation) and the unpaired odor (CS-, orange blossom) during the first references, the five conditioning and control trials, and for the first test of a differen- trial, n = 13; 2nd conditioning/control trial, n = 9; 3rd conditioning/control trial, n = 1 1; 4th conditioning/control trial, n = 10; 5th conditioning/control trial, n = 6; 1st test trial, n = 7. *P < 0.05. **P -c 0.0 1, paired t Test, 2-tailed. B: typical recording trace of differential conditioning.
Responses to the CS+ (carnation) are listed in the Zeft CO/WWI, the according responses to the CS-(orange)
in the rQ$zt column. Od-ref, reference odor responses; l-5, number of successive learning trials (CS+/sucrose) and control trials (CS-); Test, odor responses at 5 min after the last conditioning trial; the onset of odor stimulation is marked by the large arrows, the beginning of sucrose stimulation by the small arrows; the 600 ms, which were subject to detailed analysis, are marked by the black bar. tial conditioning procedure. Prominent are the dynamic up and down modulations of the CS+ responses. DC-POTENTIAL ANALYSIS. In a second step, it was tested whether the frequency modulations were due to changes of the incoming summating EPSPs, i.e., whether the depolarizations measured at the recording site were changing correspondingly. The DC potentials were calculated during the six IOO-ms intervals after stimulus onset and expressed in relation to the DC potentials of the reference odor responses.
In Fig. 7C , the relative DC potentials are plotted for the CS+ and CS-. Basically, the effects found for the relative frequencies are also described by the relative DC potentials: the DC potentials underlying the CS+ responses are reduced during the second conditioning trial, whereas there is an increase during the fifth conditioning trial.
RELATIVE FREQUENCY /DC RELATIONS.
To examine the relationship between frequency changes and DC-potential changes, the relative frequencies and DC potentials were compared for each group. Figure 8 depicts this comparison for the first, second, and fifth conditioning and control trials. Overall, there is a good correspondence between frequency and DC-potential changes. However, for the CS+, there are significant differences during the second and fifth learning trials, i.e., the DC-potential changes are smaller than the related frequency changes. The pathway between sensory input regions (antenna1 lobes) and motor output regions (SOG) is a complex network of interconnected elements. Certainly there are large numbers of cells in different regions of the bee brain, which do undergo changes during memory processing. For mushroom body extrinsic neurons, which were recorded previously, it was shown that they are multimodal, i.e., they respond to more than one stimulus modality, and that they undergo adaptive changes of their response properties during application of different stimulus configurations (Erber 19781980,198 1,1983; Gronenberg 1984 Gronenberg ,1987 Homberg 1984; Homberg and Erber 1979) . It was suggested that the mushroom bodies are highly integrative brain structures and are possible sites for modulatory information processing during memory formation (Erber et al. 1987) . This study demonstrates response modulations in a single mushroom body extrinsic neuron in the bee brain due to stimulus paradigms for non-associative and associative learning. For an adequate interpretation of the data, however, several points have to be taken into account.
Reduced preparation and missing behavioral control
The head preparation provides an optimal stabilization of the brain, allowing frequent impalements and stable re- are plotted against the 6 IOO-ms intervals after onset of odor stimulation. Relative frequencies and DC potentials are compared for the 1 st, 2nd, and 5th conditioning (CS+, paired odor) and control trial (CS-, unpaired odor) separately. Dotted line indicates the reference response level. First trial, n = 13; 2nd trial, n = 9; 5th trial, n = 6. *P < 0.05, paired t test, 2-tailed.
cordings of identified neurons. In whole-animal preparations, any attempt to stabilize the brain by pulling out the esophagus has lead to the immediate death of the animal. Alternative stabilization methods and resulting recording conditions have not been satisfactory. When an intact bee is extending its proboscis and licking, the recording quality is considerably decreased, or the impalement is lost. This means the recording conditions change over the time course of the experiment, so that a comparison of neuronal responses before and after conditioning would be very critical. Therefore a reduced preparation, which unfortunately does not allow a behavioral control of the conditioned response, is the only current possibility to obtain reproducible recordings in the protocerebrum of the bee brain that are stable over the time of the experiment and that allow a reliable interpretation of neuronal responses. Although it has not yet been studied systematically, single heads with still intact reflex responses are able to show a conditioned response after a single learning trial. Therefore stimuli might be processed in a similar way as in the intact animal. At least sensory information processing via antennae and proboscis seems not to be distorted, because neuronal responses to proboscis stimulation and different effects on the response behavior of the PE 1 -neuron due to antennal and proboscis sensitization were observed. Furthermore, in a whole-animal preparation, spontaneous activity and general response characteristics of the PE 1 -neuron are not different from the signals obtained in the reduced preparation. Therefore responses of the PE 1 -neuron were taken as physiologically reliable as long as the preparation was healthy. Repeated recordings from the PE 1 -neuron allowed detailed statistical response analysis, thus partly compensating for the missing behavioral control.
This difficulty to correlate cellular events with a behavior is, however, not a problem inherent to honeybees, but rather a general argument that scientists, who study the cellular basis of learning and memory on reduced preparations (e.g., Alkon 1975; Thompson 1989) have to face. Nevertheless, the causality between the observed neuronal changes and the behavioral modifications has to be subjected to further investigation. However, even if preparational difficulties could be overcome, an access to establishing the role of the PE 1 -neuron in olfactory memory formation would be limited. A few recordings in an intact preparation would perhaps be sufficient to prove the validity of the data presented above, but not to show the necessity of the neuron's activity for acquisition and/or retrieval of the conditioned response. According to the "command neuron concept" (Kupfermann and Weiss 1978) , one would like to see some evoked activity in at least one of the proboscis muscles after current injection into the PE 1 -neuron or suppression of the conditioned response after hyperpolarizing the neuron during conditioning.
However, the interpretation of the results of such experiments would be quite ambiguous ( DiDomenico and Eaton 1988; Eaton and DiDomenico 1985) . If no muscle activity would be evoked by driving the PE 1 -neuron, it would not at all mean that it is not involved in olfactory memory formation. First, one could argue that high-frequency activity in the PE 1 -neuron alone would simply not be sufficient to drive motor neurons in the SOG. Second, the PEl-neuron could only be involved in processing information in a more local circuit during acquisition of shortterm memory transferring its information perhaps by only modulating the retrieval pathway. Both successful suppression of the conditioned response or no effect after hyperpolarization of the PEl-neuron would bear a couple of possible interpretations such as secondary effects on the necessary memory pathway or compensatory mechanisms for the missing activity of the neuron. It is hard to conceive that the PE l-neuron should be the only and necessary candidate of mushroom body extrinsic neurons for olfactory memory formation. Rather, it might be one of many players in the game, so that an access to the functional role of the PEl-neuron will probably only be possible by a more detailed understanding of connectivity and information processing of other neurons in the bee brain.
Idmtijication
of'thc PEl-neuron
The large profile of the PEl-neuron is located at the ,& exit point between a-lobe and P-lobe of the mushroom bodies. This region is distinct from the a-exit point of the lobes, which more ventro-anteriorly carries some other large profiles (Mobbs 1982; Rybak 1987) . None of these large profiles, however, have a bifurcation that could be misinterpreted as part of the PE 1 -neuron. The large dendrite with its bifurcation and the cell body position are the most prominent and unique features of the PEl-neuron that ensure morphological identification even with partial staining of the neuron. With respect to the Lucifer-filled PEl-neurons shown in Fig. 3A , one could argue that the branching pattern is variable; however, the destination of terminal branches seems to be quite equal in all preparations.
Finally, the ethyl gallate stainings show that there is only a single PEl-neuron in each half brain. Also the electrophysiological features of the PE 1 -neuron are characteristic with respect to any of the surrounding neurons so far impaled. The electrode that was always positioned very carefully was quickly lowered down to a depth of 100 pm, then the occurrence of typical a.d.p.c. spikes ensured a fairly correct position of the electrode tip. From these, the PE l-neuron is distinguished best by the spike duration, groupings of several spikes, brief spontaneous bursts, and burstlike responses to antenna1 stimulation. From a total of > 100 impalements, the neuron was stained -60 times. Among these, there was not a single recording that was accidently mistaken as a neuron other than the PE 1 -neuron. Therefore the use of potassium acetate-filled electrodes seemed to be justified. If the PE l-neuron had been damaged, no other neuron with similar characteristics could be detected. So far, only one other neuron belonging to the AS-group (Rybak 1987) was observed that spontaneously exhibited some bursting activity. This neuron, however, is located much more anteriorly and cannot be impaled on the trajectory of the electrode usually taken through the a-lobe.
Therefore it is concluded that, in careful consideration of all criteria described, the PE 1 -neuron can be reliably identified by its electrophysiological characteristics as well as by its unique morphology.
Experimental design
The stimulus sequence was designed to parallel behavioral stimulus paradigms as closely as possible, but it also had to be adapted to the limited number and duration of intracellular recordings.
Therefore the sequence of test stimuli after conditioning and sensitization had to be applied to a single animal, whereas, in behavioral experiments, experimental bees are usually not tested cumulatively but receive only one or two of the test odors (e.g., Bitterman et al. 1983; Menzel et al. 199 1) . But it has also been shown that experimental extinction as a result of stimulus repetition is a slow and ineffective process in olfactory PER conditioning ( Menzel 1990) . By monitoring sensitization of the proboscis extension reflex while recording from muscle M 17 (Hammer and Braun 199 1) ) each bee received repeated tests, which did not obviously accelerate the graded decay of the sensitized response known from other behavioral experiments (Menzel 1990) . This should justify the close spacing of test stimuli presented to the same animal. The control group run in the experiments presented here showed that, on the neuronal level, repeated testing does not produce pronounced response reduction along repeated testing, which could be attributed to habituation-like processes. The interval between consecutive conditioning trials had to be minimized to 1 min (compared with 10 min in most behavioral studies) (Bitterman et al. 1983; Menzel 1990 ); but it was tested that bees are also able to differentiate between the two odors with the use of this short intertrial interval (M. Hammer, personal communication) , so that the observed effects should not be due to an inappropriate intertrial interval.
Projections of the PE I -neuron .
The PE l-neuron is connected to brain structures that could play an important role in associative olfactory learning. The amnestic cooling experiments (Erber et al. 1980; Masuhr 1976; Menzel et al. 1974) showed that the mushroom bodies and / or efferent neuropilar structures, such as the median and lateral protocerebrum, are necessary for the formation and/ or storage of an associative olfactory memory. The numerous parallel arborizations in the pedunculus are possible sites of contacts of the PE 1 -neuron with mushroom body intrinsic Kenyon cells. Preliminary results of scanning stained profiles of a neurobiotin-filled PE 1 -neuron in the electron microscope (EM) could show such contacts (J. Rybak, personal communication) .
The huge dendrite leaves the mushroom bodies at the P-exit point ( Mobbs 1982) ) which most certainly contains neurons projecting out of the mushroom bodies (Mobbs 1982; Schurmann 1974) . The projection area in the lateral protocerebrum could be the posterior part of the anterolateral protuberance (Mobbs 1985) . Besides the antenna1 lobes and calyces of the mushroom bodies, this region is a common projection area I) of the antenna1 CS pathway, i.e., of the primary projection neurons from the antenna1 lobes (lateral and median antennoglomerularis tracts) ( Mobbs 1982) ; and 2) of the proboscis US pathway, i.e., of the identified VUMmx l-neuron, whose activity was shown to be sufficient to substitute for the sucrose reward during PER conditioning (Hammer 199 1) . The bleblike structures of the endings of the PE 1 -neuron in the lateral protocerebrum would favor those processes as output fibers. Further studies are necessary to investigate whether the lateral protocerebrum is a possible site for the origin of neurons descending to the SOG or thoracic ganglia as it was shown for the dipteran brain (Strausfeld 1976) , because those pathways that are important during associative memory 1 formation have to converge onto the motor output centers to control the conditioned response. The diagram in Fig. 9 outlines the working hypothesis currently used by those studying the cellular basis of learning in the bee brain in a simplified form that has already been described in more detail (Hammer 199 1) .
Frequcncv modz~lations -conditioning sensitization and one-trial Sensitization and conditioning lead to a change in the probability to respond with proboscis extension to an odor stimulus. This affords a correlated modification of the odor processing pathway. It does not imply, however, that the whole repertoire of behavioral changes should be expressed in single elements of the modified pathway. Rather, one would expect different modulations depending on the location of the neuron in the pathway and on the integrative level the neuron has with respect to the whole network involved; the higher the integrative level of the neuron, the more its activity should parallel one or more components of the observed behavioral outcome. If one assumes some the projection areas of the conditioned stimulus (CS) and unconditioned stimulus (US) pathways, their convergence, and the position of the PEl-neuron within the these pathways. AL, antenna1 lobes: AGT, antenno-glomerularis tracts, the relay neurons from the antenna1 lobes to the mushroom bodies: SOG, subesophageal ganglion:
VUMmxl, single neuron of the US-reinforcer pathway, which originates in the SOG and has projection areas in the antenna1 lobes, in the lateral protocerebrum, and in the calyces of the mushroom bodies, i.e., all 3 regions would be possible sites of convergence between the CS and US pathways:
Calyx, P, CY, and p: calyces, pedunculus, (u-lobe and p-lobe of the mushroom bodies. respectively: LP, lateral protocerebrum; DN, hypothesized descending neurons. The PE 1 -neuron possibly transfers information from the pedunculus of the mushroom bodies to the lateral protocerebrum.
Arrows indicate the probable direction of information flow.
modification of mushroom body intrinsic Kenyon cells, a change of information could be expressed in terms of distributed small increments or decrements of the odor responses or in terms of localized changes in that some Kenyon cells stop firing and others start firing. In both cases the probability to measure such changes by recording from a single Kenyon cell would be very small. If, however, the PE l-neuron receives input from many Kenyon cells, then distributed or localized changes should be detectable as the sum of many changes. If then the PE 1 -neuron is one of the elements that have such an integrative role, experimental stimulus paradigms that lead to the modification of the odor pathway at the level of the Kenyon cells should be reflected in corresponding responses of the PE 1 -neuron to odor stimuli.
The results of sensitization and one-trial conditioning suggest different modulations acting on the odor response of the PE 1 -neuron. I ) There is a frequency increase during the high-frequency phase of the burst, which is evoked by antenna1 sucrose stimulation and less pronouncedly, by compound sucrose stimulation. 2) There is a frequency decrease during the falling phase of the burst, which is equally expressed by the one-trial conditioning and the proboscis sensitization groups.
This suggests that the observed modulatory increase of activity results from an activation of the antenna1 US pathway, whereas the modulatory decrease of activity should be characteristic for the activation of the proboscis US pathway; i.e., in the PE l-neuron, antenna1 and proboscis US stimulation lead to qualitatively different modulations contrasting in sign and time during the burst. Both effects would compete after compound sucrose stimulation, resulting in frequency changes that more or less cancel each other. In behavioral experiments, qualitative and quantitative differences were found for the three US modalities (sucrose stimulation to the antenna and/or proboscis) when sensitization was monitored by the probability of reflex response (Menzel et al. 1989) or, additionally, by recording from muscle M 17 (Hammer and Braun 199 1) . It was found that sucrose stimulation to the antennae alone was the most effective sensitizing stimulus with respect to the probability of response enhancement, whereas compound and proboscis sensitization lead to the most intense responses.
In addition, the results indicate a differential processing of non-associative and associative information:
in the case of a specific pairing of odor and compound sucrose stimulation (conditioning), not, however, in the case of unspecific compound sucrose stimulation (sensitization), the proboscis component of the compound stimulus seems to be dominant over the antenna1 component.
Behavioral studies showed that, if the antenna1 US was used as reinforcer during PER conditioning, significantly lower learning rates were achieved compared with conditioning with the compound sucrose reward (Bitterman et al. 1983; M. Hammer and R. Menzel, personal communication) .
This suggests that the proboscis US pathway is the most dominant component in evaluating a reward and therefore the most effective cue during associative memory processing.
These conclusions should not be mistaken as an attempt to directly correlate response modifications in the PE 1 -neuron with behavioral observations. However, it is worth noticing that stimulus paradigms that usually lead to behavioral changes can evoke some measurable change in a single cell's activity.
Frcquc'ncv modulations hv dzJfZmwtia1 conditioning e e
The results of differential conditioning allow a more reliable distinction of nonassociative and associative effects on the burst response, because responses within the same recording are compared rather than responses of two groups of animals bearing more ambiguities of interpreting the data.
I) In response to the first conditioning trial, there is a frequency decrease during the falling phase of the burst, whereas the response to the unpaired control odor remains unchanged. This differentiation between the two odors implies that there is a differentiation between an unspecific sensitization of the CS-response and a specific conditioning of the CS+ response. Thus the frequency reduction seems to be a specific associative effect of a single CS/ US pairing. Because the odor used as CS was the same in all experiments, it can not be excluded that other specific frequency modulations would appear by exchanging the two odors during differential conditioning. It could well be that modulations could have a specific signature depending on the odor used, i.e., perhaps on the population of Kenyon cells being activated. However, there were no significant differences between the spontaneous responses to both odors, i.e., similar modulations should be expected in an experiment where the t wo odors were counterbalanced. On the basis of behavioral experiments ( different time course of multiple sensitization and conditioning trials, as well as qualitative differences between sensitization and conditioning using the 3 different US modalities), it has been hypothesized that conditioning is not just a prolonged version of sensitization, but rather different mechanisms underly nonassociative and associative memory processing (Menzel et al. 199 1) . This is especially interesting, because for the mollusc Aplysia it is evident that sensitization and conditioning share the same site of plasticity and the same basic cellular mechanisms (Byrne 1985; Byrne et al. 1986; Kande1 et al. 1989) .
2) There is a frequency increase that is expressed after the fourth conditioning trial, whereas the response to the unpaired control odor shows only an unspecific frequency reduction that was also observed for the control group of series A. Because of the differential representation of the two odors, this effect must also be specifically associative.
It appears that the representation of learned (CS+) or specifically unlearned information (CS-) in the PE 1 -neuron is not a simple yes or no mechanism, otherwise the first frequency redu ction should simply be k .ept constant over time. The first assu mption is that the two modulations mean a distinction between single and repeatedly rewarded stimuli. This differentiation between one-trial and multiple-trial conditioning would then perhaps indicate different time courses of memory consolidation after single and multiple learning trials (Menzel 1987; Menzel et al. 199 1) . The dynamic up and down modulations of frequencies during the successive learning trials, as well as the fact that all fre-quency modulations observed are transient, could mean that the PE 1 -neuron's possible function in memory processing might be restricted to a brief acquisition phase during memory formation, rather than it representing a site of long-lasting memory storage. If this holds true during future experiments with the PE 1 -neuron and also for all other mushroom body extrinsic neurons, this would mean that the site of a long-lasting memory storage must be located in efferent neuropils.
Correlation offrequency and DC-potential modulations .
Distinct DC potentials generated by incoming EPSPs evoke distinct spike frequencies at the spike-generating zone, depending on the time after stimulus onset. Therefore an observed change of the DC potential should, at the same time, be equally expressed by a change of the related frequency.
The DC potentials undergo basically the same changes as the spike frequencies, although they are less pronounced. This means that the observed frequencies and their modulations are almost entirely due to alterations of the incoming signals upstream to the recording site, i.e., in the mushroom bodies.
The remaining differences between changes of relative DC potentials and relative frequencies, however, which were found during the second and fifth conditioning trials, should be due to alterations downstream to the recording site. This means that an additional modulatory process could be proposed that would act on the spike-generating zone directly.
These results should provide the basis for several different experiments that would help to understand the role of the PEl-neuron.
Such experiments could range from a detailed morphological analysis at the EM-level over electrophysiological experiments using different configurations of CS and US presentations to the application of pharmacological agents involved in learning and memory in the honeybee.
Conchions
For realization of the observed response modulations there must be a convergence of the antenna1 and proboscis US pathways at some level as well as a convergence of the antenna1 CS pathways with the US pathways. The converging elements must be multiply interconnected, allowing unmodulated, generally sensitized, and specifically conditioned information processing. The Kenyon cells are the best candidates for such a network of excitatory and inhibitory inputs to the PE l-neuron. Modulations of the input synapses between sensory afferents and Kenyon cells could change the pattern of Kenyon cells being excited during odor stimulation; i.e., by exciting or inhibiting smaller or larger populations of the processes in the pedunculus and lobes, a full repertoire of graded response strengths could be realized. If there would be a modified firing pattern of Kenyon cells, then other mushroom body extrinsic neurons would as well show some modified response behavior. Depending on the population of Kenyon cells that innervate these cells and depending on the site of innervation along the Kenyon cell axons (pedunculus, a-lobe or ,&lobe), the information flow could be quite selective with respect to the presented stimulus and the timing of activity in follower . neurons. Thus the PEl-neuron would be able to act as a dynamic monitor of relationships between conditioned and unconditioned stimuli, permanently comprising unmodified or modified inputs from the Kenyon cells into a clear read out, which would be transferred onto other neurons. Therefore the PE l-neuron may be a kind of transient station in the memory flow rather than a site of long-lasting memory storage.
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